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This paper considers the response and failure characteristics of beams and arches con-
structed by bonding a layer of foam to a single metal sheet, thus creating a ‘‘Foam-Sup-
ported Sheet Metal,” or FSSM composite. The investigation was conducted from
experimental and analytical/numerical perspectives. In the experiments, strips of Rohacell
foam were bonded to straight or curved aluminum 2024 strips to construct the composites.
The specimens were then supported at the ends and bent under a central load such that the
foam was in tension. The results showed that signiﬁcant increases in stiffness and failure
loads could be achieved using this concept with relatively small weight penalty. Cata-
strophic failure occurred when the foam reached its tensile failure stress. Formulas to pre-
dict the bending stiffness and moment at failure of the composite sections were derived
from beam theory and are presented. To predict the response of arches, a nonlinear ﬁnite
element model was developed. The numerical results showed good agreement with the
load-deﬂection responses and failure loads measured experimentally.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Sheet metal products are used in a wide variety of applications, ranging from furniture and containers to automotive and
aerospace structural components. Many applications require high bending stiffness and strength while minimizing weight.
In these cases, combining sheet metal with light-weight components such as foams or honeycombs, as in sandwich construc-
tion, can result in products with superior strength-to-weight and stiffness-to-weight ratios. Indeed, numerous journal arti-
cles and books have been published that address the mechanics of sandwich construction. Refer, for example, to the books by
Allen (1969), Gibson and Ashby (1997) and Vinson (1999).
The present work considers another concept, a bi-material product consisting of a single metal sheet supported by a layer
of lightweight material such as foam. It will be referred to as Foam-Supported Sheet Metal (FSSM) in the remainder of this
paper. Previous studies on a similar concept applied to the construction of cylindrical shells have demonstrated that in-
creases in buckling loads can be obtained by supporting the wall of such shells with lightweight materials. Karam and Gibson
(1995b) conducted experiments on shells of bi-layer construction consisting of a silicone rubber shell bonded to a layer of
foam of the same material in the inside. The shells were subjected to either axial compression or pure bending. The results
showed that the critical buckling loads of the shells could be signiﬁcantly increased by the presence of the foam layer. A com-
panion paper (Karam and Gibson, 1995a) presented related analytical developments. More recently, Obrecht et al. (2008),
conducted a systematic numerical study of the problem of compression buckling of cylindrical shells coated with a low den-
sity material (inside, outside and both) and showed that signiﬁcant increases in buckling load can be achieved by such. All rights reserved.
Fig. 1. Cross-section with dimensions and coordinates.
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struction. Both Karam and Gibson (1995b) and Obrecht et al. (2008) also indicated that shells supported or coated with light-
weight materials display less imperfection sensitivity than regular monocoque shells.
In sandwich panels, the in-plane stresses resulting from bending loads are carried mainly by the two facesheets while
transverse shear is carried by the lightweight core. The contribution to the bending stiffness by the core normal stresses
is generally minor. By contrast, in FSSM panels the normal stresses in the foam can contribute signiﬁcantly to the bending
stiffness of the composite. As can be expected, when the bending stiffness of a sandwich section is compared to that of a
FSSM section of similar dimensions, materials and weight, the full sandwich can be an order of magnitude stiffer. The FSSM
construction, however, can have signiﬁcantly higher bending stiffness than the sheet metal alone with little weight penalty,
as will be demonstrated in this work. The FSSM construction has potential applications in products where sheet metal needs
to be moderately stiffened. Examples may include automotive and home appliance panels, residential roofs, and panels in
furniture. In some of these applications, the panels would have to be curved. Two ways of manufacturing such curved panels
are apparent. In the ﬁrst, the sheet metal is bent to its ﬁnal shape ﬁrst and a matching, curved foam panel is cut to the right
shape and dimensions separately. They are subsequently bonded. Alternatively, if the foam is of the open cell type, initially
ﬂat FSSM panels can be potentially formed using a hydroforming method. Here, the ﬂuid pressure would be applied to the
side of the foam, and the die would be in direct contact with the sheet metal.
Although manufacturability issues are very important and would have to be addressed if FSSM is going to be used in prac-
tical applications, the objective of this work concentrates on the structural performance enhancement that can be achieved
by supporting sheet metal with foam, particularly as it applies to the collapse of shallow arches. A combined experimental
and analytical/numerical study was conducted with the objective of assessing the structural performance of fully clamped
FSSM shallow arches under a point load applied at mid-span. It is well-known that the response of shallow arches is char-
acterized by a limit load instability, which is dependent on the bending stiffness of the arch section. Hence, increasing the
bending stiffness of a sheet metal arch by the addition of foam support should result in an enhancement in the load-carrying
capacity. Prior to addressing the arches, however, the bending stiffness of FSSM sections and straight beams is addressed as a
way to demonstrate that foam support can enhance the bending stiffness of sheet metal.
2. Straight beams
The effect of foam support on the bending of sheet metal was investigated ﬁrst for straight beams with cross-section as
shown in Fig. 1. To this effect, two specimens were constructed. One specimen consisted of an aluminum 2024-T351 strip
with length L ¼ 200 mm (8.0 in), width b ¼ 25:4 mm (1.0 in) and thickness ts ¼ 1:02 mm (0.040 in). It was bonded to a strip
of Rohacell 71 foam1 of similar length and width, but thickness of tf ¼ 13:1 mm (0.515 in) using an epoxy adhesive that cured at
room temperature. The second specimen had similar dimensions but used a lighter foam, Rohacell 31, of thickness 12.7 mm
(0.50 in). The specimens were tested in three-point bending using the set-up shown in Fig. 2, with the two lower supports a
distance S ¼ 152 mm (6 in) apart. Two sheet metal strips of length 38 mm (1.5 in) were also glued at the ends of the beam,
opposite to the metal strip, to distribute the load of the two-point supports, as shown in the ﬁgure. The three-point bending
set-up was mounted in a screw-driven testing machine. The lower supports were raised quasi-statically at a slow speed of
1.3 mm/min (0.05 in/min). The upper loading point was attached to a load cell, which remained stationary. To measure the1 Rohacell is a polymethacrylimide foam and is a trademark of Evonik Industries.
Fig. 2. Photograph showing an initially straight beam that failed in three-point bending.
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It touched the mid-span of the beam, on the foam side, using a blunt spherical contact point.
Fig. 3 shows the measured relations between the applied load P, normalized by the yield load of a simple metal stripPo ¼ 23
rosbt2s
S
; ð1Þwhere ros is the yield stress of the aluminum sheet, whose uniaxial stress–strain curve is given in Fig. 4, and the mid-span
deﬂection d normalized by the yield displacementdo ¼ 16
ros
Es
S2
ts
: ð2ÞAll relations shown are essentially linear. The lines labeled R-71 and R-31 correspond to the beams with Rohacell 71 and
31 foams. The line labeled tf=ts ¼ 0 corresponds to a single aluminum strip, without foam. It is clear that the presence of the
foam increases the stiffness of the beams well above that of the aluminum strip alone. The ratios of the experimentally mea-
sured stiffness to that of the aluminum strip, K=Ks are shown in the second column of Table 1 and are signiﬁcantly larger
than one. As expected, the stiffness was highest when the stiffer foam, R-71, was used to support the aluminum strip.
The load-deﬂection responses of the two aluminum/foam specimens were interrupted by a sudden, signiﬁcant drop in load.
In both cases, the load drop occurred when a vertical crack suddenly appeared in the foam and caused failure. Fig. 2 shows a
beam with R-31 foam after failure. Loading was continued for a short period of time beyond failure. Note that even then the
loads for the FSSM beams remained somewhat higher that those of the sheet alone. Using the heavier foam resulted in a sig-
niﬁcantly higher failure load, but the displacements at failure remained relatively close between the two cases.
The pertinent properties of R-71 and R-31 are listed in Table 2. The densities cf were obtained fromMarshall (1993). Dur-
ing the course of the experimental work it was found that the moduli of elasticity of the foams could vary signiﬁcantly from0.1 0.2 0.30
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Fig. 3. Load-deﬂection responses for initially straight beams under three-point bending.
Table 1
Comparison of experimental and analytical results for straight beams in three-point bending
Foam K=Ks bK=bK s W=Ws Ws;eq=Ws bKh=bK s
R-71 17.51 17.58 1.32 2.60 91
R-31 4.84 5.20 1.14 1.69 45
0.01 0.02 0.03 0.040
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Fig. 4. Uniaxial stress–strain curve for Al 2024-T351.
Table 2
Properties of Rohacell 71 and 31 foams
Rohacell cf , kg/m
3 (lb/in3  103) Ef , MPa (ksi) rof , MPa (psi)
71 70.4 (2.54) 127 (18.4) 3.03 (439)
31 30.4 (1.1) 34.6 (5.02) 0.93 (135)
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of each kind of foam. The moduli of elasticity Ef were measured in tension tests and are included in Table 2.
The topic of bending of bi-material beams is relatively straight-forward and touched upon in several elementary strength
of materials textbooks. Here, the basic relations of interest to the present case are summarized. Consider a beam with cross-
section as shown in Fig. 1 made of a layer with thickness ts and linearly elastic material with Young’s modulus Es and another
layer with tf and Ef , respectively. The width of the beam is b and the y–z axes are in the plane of the cross-section. The origin
of the z coordinate is at the interface between the two materials. When the beam is subjected to a bending moment, the axial
strain in the cross-section is approximated using the plane-sections-remain-plane assumption, giving the expressione ¼ eo þ jz; ð3Þ
where eo is the strain at z ¼ 0 and j is the curvature. Requiring that the axial load N be zero yields an expression for eo, which
iseo ¼ 12j
Ef
Es
tf
ts
 2
 1
Ef
Es
tf
ts
 
þ 1
ts: ð4ÞThe bending stiffness D ¼ M=j is obtained by integrating the moment of the axial stress which givesD ¼ Es bt
3
s
12

3 1 EfEs
tf
ts
 2 2
1þ EfEs
tf
ts
þ 4 1þ Ef
Es
tf
ts
 3" #8>><>>:
9>>=>>;: ð5ÞSince failure was detected in the foam, it is necessary to calculate the curvature of the beam at which the stress in the
foam reaches the tensile strength rof . This is given by
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For the case of three-point bending, the predicted beam stiffness bK is given bybK ¼ P
d
¼ 48D
S3
; ð7Þand the expected failure load bPo by
bPo ¼ 4S Djo: ð8ÞNote that quantities with a hat ð^Þ represent the value of calculations based on Eqs. (3)–(6). The same quantities without the
hat represent experimentally measured quantities.
The failure stress rof of the R-31 and R-71 foams can be calculated from the peak loads in Fig. 3 using (6) and (8). The
calculated values are presented in the last column in Table 2. They are 10% larger and 5% smaller than the values listed
by Marshall (1993) for R-71 and R-31, respectively.
The ratios of the predicted stiffnesses predicted by (5) and (7) to the stiffness of the aluminum sheet bK=bK s are shown in
Table 1 as well. It is clear that, like in the experiments, a signiﬁcant increase in stiffness is predicted, and that it is very close
to that demonstrated experimentally. The ratio of the weight of the foam-supported beams to that of the aluminum strip
alone W=Ws is shown in the fourth column of Table 1. The data show that the signiﬁcant increases in stiffness and strength
shown in Fig. 3 were obtained at a relatively modest weight increase. It is especially interesting to compare this to the in-
crease in weight if the same increase in stiffness was to be accomplished by only increasing the thickness of the aluminum
strip. In these cases the increase in weight Ws;eq=Ws is shown in the ﬁfth column of the table. From a weight point of view,
increasing the stiffness by the FSSM concept is more efﬁcient than increasing the thickness of the aluminum sheet. For exam-
ple, to match the stiffness of the R-71 beam, it would take an aluminum strip of more than twice the weight of the original
one, whereas the weight increase by adding foam is only 32%. In order to maintain perspective with respect to sandwich
beams of the same weight as the FSSM ones, the last column in the table presents the calculated stiffness ratio of a sandwich
beam under three-point bending (bK h=bK s), including the effect of shear deformations (the shear moduli listed by Marshall
(1993) were used in these calculations: 28.41 MPa (4120 psi) for R-71 and 12.76 MPa (1850 psi) for R-31). As expected,
the sandwich construction is signiﬁcantly stiffer. Hence, FSSM should be seen as a way to moderately stiffen sheet metal.
Parametric study. We conclude the discussion on straight beams and section properties with a brief parametric study of
the effect of material system and thickness ratio on various parameters related to the bending of FSSM beams. Fig. 5 shows
the bending stiffness of the section for two material systems whose properties correspond to those measured for Al 2024-
T351 sheet and R-71 and R-31 foams. The results are normalized by the bending stiffness of the metal sheet. As expected,
increasing tf=ts increases the bending stiffness. Note that the effect is small for low values of tf=ts but accelerates as this
parameter becomes larger, and that it is more pronounced for the larger ratio of Ef=Es.
The strength of the composite system is addressed in Fig. 6. Fig. 6a shows the curvature at which either the maximum
stress in the sheet reaches the yield strength, or the maximum stress in the foam reaches the failure stress. The values pre-
sented are normalized by the yield curvature of the sheet metal, jos ¼ 2ros=Ests. The dashed lines represent yielding of the
sheet, while the solid lines indicate that the tensile strength has been reached in the foam. Similar plots, but for the bending5 10 15 20 250
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Fig. 5. Bending stiffness as function of tf=ts for two material systems.
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the two curves. For very low values of tf=ts yielding of the sheet occurs ﬁrst, at essentially the same load as for the metal
sheet alone. Once tf=ts exceeds a value of approximately 3, the tensile strength of the foam becomes the controlling param-
eter. Note that the curvature at failure gradually decreases with tf=ts, and that the curves for the two material systems are
very close. Because of the stiffening effect of the foam support, however, the failure moment increases for the most part with
tf=ts, except in the vicinity of a value of 5, where the failure moments attain local minima. These trends support the exper-
imental observations in Fig. 3 where the moment at failure was higher for the beam with R-71 even though its deﬂection at
failure was closer to that of the beam with R-31.
3. Clamped arches under a central point load
The static response of shallow elastic arches under transverse loading is necessarily nonlinear and may include limit load
and bifurcation instabilities, but it is well understood. See, for example, the work of Timoshenko (1935), Marguerre (1938),
Fung and Kaplan (1952), Gjelsvik and Bodner (1962), Schreyer and Masur (1966) and Dickie and Broughton (1971). For the
purposes of the current investigation, it sufﬁces to mention that the load-deﬂection response of the arches of interest is char-
acterized by a limit load instability. The values of the limit load and of the corresponding displacement depend on the bend-
ing stiffness of the section and other parameters. Since it has been shown that supporting sheet metal with a lightweight
foam can signiﬁcantly increase the bending stiffness, it is of interest to investigate whether arches of such construction5 10 15 20 250
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The following sections present experimental and numerical results that address such aspects in the response of FSSM arches.
Experimental set-up and arch construction. The arches in this study were clamped at both ends and loaded by a centrally
applied concentrated force. Fig. 7 shows a photograph of the experimental set-up. As in the three-point bend test of straight
beams, the central load is applied via a cylinder that contacts the whole width of the arch. The loading point is attached to a
solid block that is in turn supported by a calibrated load cell. The two ends of the arch are clamped using specially designed
gripping ﬁxtures that can accommodate arches with end angles of up to 45 with respect to the horizontal. The ﬁxtures are
attached to another solid block that is in turn mounted on the moving cross-head of the testing machine. A special displace-
ment transducer that measures the vertical deﬂection of the center of the arch is attached to the lower cross-head and con-
tacts the foam side of the arch with a blunt, spherical contact point. The cross-head moved at a constant speed of 1.3 mm/
min (0.050 in/min).
To experimentally observe the effect of the foam support on the load-deﬂection of the arches, four specimens were con-
structed, two were of the FSSM kind – using R-71 foam – and two were simply the aluminum sheet on its own. The arch
parameters are given in Fig. 8. The geometry of the specimens is deﬁned by their span S, which was 178 mm (7 in) for all
specimens, the angles hl and hr at the ends (nominally h), the width of the sheet bs and of the foam bf (nominally b), as well
as the thickness of the sheet ts and of the foam tf . The values for each specimen are listed in Table 3, which includes the arch
shallowness parameterFig. 7. Photograph showing arch loading set-up.
θθ
δ
2 2
Fig. 8. Nominal geometric and loading parameters of arches considered.
Table 3
Geometric parameters and failure loads for arches tested
Arch bs, mm (in) bf , mm (in) ts, mm (in) tf , mm (in) hl ,  hr,  k Pmax, N (lb)
1 12.9 (0.508) – 1.02 (0.040) – 15 15 23 37.7 (8.48)
2 12.5 (0.493) – 1.02 (0.040) – 25.5 25.5 40 53.8 (12.1)
3 13.4 (0.529) 13.2 (0.518) 1.02 (0.040) 12.1 (0.475) 14.5 15 23 197 (44.4)
4 13.3 (0.525) 13.1 (0.517) 1.02 (0.040) 12.4 (0.490) 25.5 26.5 40 237 (53.2)
E. Corona, J. Wang / International Journal of Solids and Structures 45 (2008) 5844–5855 5851k ¼ h
2R
ts
; ð9Þbased on the geometry of the metal sheet. Here, R is the radius of the sheet metal strip in the arch. Because the sheet and
foam were cut using a band saw, the quantities bs and tf had the most variability, which were 1:2% and 3:5%, respectively.
The specimens were constructed by ﬁrst cutting the aluminum strips to the given widths and appropriate lengths to
accommodate the required values of S and h, plus 51 mm (2 in) for gripping purposes. The strips were then rolled using a
roll former to the correct curvature, leaving 25 mm (1.0 in) straight segments at each end. Following that, the foam was
cut to the correct shape and thickness from boards nominally 12.7 mm (0.5 in) thick, hence the thickness of the board be-
came the width of the foam in the arch. The length of the foam piece did not include the straight segments at the ends since it
was found that gripping the foam produced unreliable results. The sheet and foam were subsequently bonded using a room-
temperature curing epoxy. Aluminum blocks of dimensions 12:7 12:7 25:4 mm (0:5 0:5 1:0 in) were bonded at the
two ends of the arch to the aluminum strip and the foam. The function of these blocks was to allow for a clamped condition
at the grips. In the case of the two arches that did not include foam support, these blocks were still used, but they were not
adhesively bonded to the sheet. The complete FSSM arch assemblies were placed in a vacuum bag for at least 6 hours while
the epoxy cured.
Experimental results. Fig. 9 shows the effect of the foam support on the load–displacement response of arches with k ¼ 23.
Here, the load and central displacements are normalized by the parameters suggested by Schreyer and Masur (1966)P ¼ p
2Esbt
3
s
12R2h
ð10Þandd ¼ Rh2 ð11Þ
based on an arch formed by the sheet metal only.
The case labeled tf=ts ¼ 0 corresponds to arch 1 in Table 3. As expected, the response was nonlinear, exhibited a decreas-
ing slope from the beginning and was characterized by a limit load P=P ¼ 1:45 at a displacement d=d ¼ 0:15. The FSSM arch
with tf=ts ¼ 11:9 corresponding to arch 3, however, had a much stiffer response and achieved much higher loads, as seen in
the ﬁgure. At a load of P=P ¼ 7:46 the rise in load was suddenly interrupted when the foam failed suddenly by fracture and a
vertical crack formed at the mid-span of the arch, causing the load to drop to P=P ¼ 4:05. The displacement at the point of
fracture was d=d ¼ 0:058. In both cases, the deformation of the arches was observed to be symmetric about the mid-span.
Note that the load supported by the arch after failure is still greater than that achieved by the arch without foam. As in the
case of straight beams, the load-carrying capacity of the arches was signiﬁcantly increased by the addition of the foam, and
failure of the foam became the critical failure mechanism.
Fig. 10 shows results for arches with k ¼ 40. Once again, the deformations were symmetric about mid-span. The maxi-
mum load achieved by the FSSM arch with tf=ts ¼ 12:2 (arch 4) was P=P ¼ 5:37 at a displacement d=d ¼ 0:026. It was sig-
niﬁcantly higher than the limit load of the arch with tf=ts ¼ 0 (arch 2), which was P=P ¼ 1:31 and occurred at a displacement
d=d ¼ 0:14. The failure of the FSSM arch, as in the previous case, was due to a vertical crack that appeared at mid-span, but0.04 0.08 0.12 0.16 0.20
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Fig. 9. Comparison of experimental and predicted responses for arches with k ¼ 23 with and without foam support.
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normalization of the results hides one fact in the results, and that is that the actual value of the failure load of the FSSM arch
with k ¼ 40 was higher than that of the arch with k ¼ 23 by 20%. For the arches without foam support, the limit load of the
arch with k ¼ 40 was 43% higher than that for the arch with k ¼ 23.
Finite element model and results. The response of the arches in the experiments was simulated using a ﬁnite element model
developed within the commercial code ABAQUS. The mesh of a FSSM arch is shown in Fig. 11. Since the deformation in the
experiments was seen to be symmetric about the mid-span, the model considered only one-fourth of the arch. In other
words, symmetries about the mid-span (y–z plane) and about the plane of bending (x–z plane) were assumed. In addition,
all degrees of freedom were restricted on the surface at the far end of the arch, which makes an angle h to the y–z plane, to
simulate a fully clamped condition. The elements were of the continuum type with eight nodes and reduced integration for
both the aluminum sheet and the foam (C3D8R). Parametric studies of the effect of element size indicated that 60 elements
along the length, four across the width, eight through the thickness of the sheet and four through the thickness of the foam
produced converged results. In the cases of arches without foam support, 16 elements were used through the thickness of
the sheet. The model assumed that the width of the sheet and of the foam were equal, so the averages of bs and bf in Table 3
were used in the model. Similarly, the average of the angles hl and hr were used for the angle h at the clamped end. The alu-
minum sheet was modeled as an elastic–plastic solid that hardens isotropically since yielding was detected for the arches
without foam. A piecewise linear approximation to the stress–strain curve in Fig. 4, based on the points indicated, was used.0.04 0.08 0.12 0.16 0.20
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Fig. 10. Comparison of experimental and predicted responses for arches with k ¼ 40 with and without foam support.
Fig. 11. Finite element model of FSSM arches.
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son’s ratio was taken to be mf ¼ 0:17 (Spangler, 2005). The results were relatively insensitive to variations in the range
0 < mf < 0:34 if the load was below 75% of the limit load.
The results produced by the ﬁnite element analysis are shown in dashed lines in Figs. 9 and 10. The comparisons of the
responses between experiment and analysis were very good in both cases, with the analysis predicting slightly higher loads
than measured experimentally for the arches without foam support. This may be due to small uncertainties in the measure-
ment of the geometry of the arches. The numerical FSSM arch results display a slight divergence from the experimental
results near the failure point. The symbol ‘‘” in the numerical results represents the point at which the maximum axial
stress in the foam at mid-span reached the failure stress listed in Table 2 for R-71. The normal axial stress at the edge of
the foam was found from an extrapolation based on the axial stress values calculated at the integration points of the two
elements at the bottom of the foam. It is clear that these points agree very well with the failure loads in the cases in Figs.
9 and 10.
Parametric study. Since the ﬁnite element results presented showed good agreement with experiments, the model was
then exercised in parametric studies to demonstrate how the load-deﬂection responses of arches can be affected by changes
in the parameters tf=ts and k. The sheet metal strip in the arches had the same dimensions and material properties as those
considered in the experiments. The foam had the properties used for R-71 in the previous section. Fig. 12 shows the effect of
changing tf=ts for arches with k ¼ 23. The ﬁgure shows that as the thickness of the foam increases, the initial stiffness of the
arches increases and that foam failure occurs at increasing values of load. The displacement at failure decreases somewhat
initially as tf=ts increases, and then increases slightly for arches with thicker foam. Similar trends, not shown here, were ob-
tained for arches with k ¼ 39:4.
Fig. 13 shows the effect of changing k for arches with tf=ts ¼ 12:5. In order to represent the trend of the results fairly, a
different normalization scheme was employed in this particular plot. Here, the load and deﬂection have been normalized by
the equivalent values at which the foam in a straight, clamped–clamped linear beam would fail. The load is therefore nor-
malized byPob ¼ 8DjoS ð12Þwhere jo and D are given in (6) and (5), respectively. The displacement normalization factor isdob ¼ joS
2
24
: ð13ÞThe ﬁgure shows that increasing the value of k yields monotonically increasing values of initial stiffness, failure load and
decreasing values of deﬂection at failure.
In all cases presented, the load limiting factor was taken to be the tensile failure of the R-71 foam. The responses indicate,
however, that utilizing a foam with higher tensile failure loads could result in the arches supporting even higher values of
load. At the same time, however, other modes of failure could occur at load and deformation levels below those at which the
foam suffers tensile failure. For example, depending on the arch parameters, crushing of the foam at mid-span due to the
applied line load is a possibility.0.1 0.2 0.30
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Fig. 12. Load-deﬂection response curves and foam tensile failure loads for arches of k ¼ 23 and various values of tf=ts.
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Fig. 13. Load-deﬂection response curves and foam tensile failure loads for arches with tf=ts ¼ 12:5 and various values of k.
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This work addressed the response and failure of FSSM beams and arches under bending. Experimentally, beams were con-
structed using aluminum 2024-T351 sheet with thickness ts ¼ 1:02 mm (0.040 in), supported with Rohacell 31 and 71 foam
and subjected to three-point bending. The ratios of foam thickness to sheet thickness were nominally 12.5. It was shown that
the stiffness and failure load of the beams could be signiﬁcantly enhanced by adding foam support to the metal sheet. The
deﬂections that could be applied to the FSSM beams, however, were signiﬁcantly smaller than the deﬂections that would
have caused yielding of the sheet alone since they were limited by fracture of the foam. The predicted stiffnesses of the
beams tested were in very good agreement with the measured values in the experiments. The weight penalty of adding foam
to the beams was signiﬁcantly smaller than would have to be incurred if the same stiffness increase had been achieved by
simply using a thicker metal sheet. The analytical results indicate that increasing the thickness of the foam results in higher
bending stiffness. Although the deformations at which the foam fails decrease with increasing foam thickness, the corre-
sponding moment increases signiﬁcantly with foam thickness once tf=ts exceeds a value of approximately seven for the cases
considered here.
Bending of clamped arches under a concentrated load at mid-span was considered in the second part of the work. As in
the case of straight beams, the initial stiffness of the arches could be signiﬁcantly enhanced by adding the foam support. Fur-
thermore, for the cases considered, the failure loads of FSSM arches were signiﬁcantly higher than the limit loads of the ar-
ches without support. Because of the brittle failure of the foam in tension, however, the deﬂections at failure were relatively
small. The results of a ﬁnite element model of the arches tested, including the load-deﬂection response and the predicted
failure load, had very good agreement with the experimental measurements. A parametric study was conducted to investi-
gate the dependence of the response of the arches on the thickness ratio tf=ts and the arch parameter k. The results showed
that both the initial stiffness and the failure loads of the arches considered increase with increasing tf=ts and k. Based on the
results presented, supporting sheet metal with lightweight materials such as foams can be seen as a way to moderately en-
hance its bending stiffness and load capacity with little weight penalty.
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